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The growth of shear instability leading to turbulent mixing in a stratified
fluid, subject to shear, with the velocity and density distribution shown in (a). ‘
A and B are fixed points, the arrows indicate direction of flow and the lines
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 This workshop was organized to further the understanding of the dynamics
of large lakes and thereby to facilitate the proper design of effective
surveillance programs and to assure appropriate lake management strategies,
such as designating mixing zones. In particular, areas of research essential
to interpreting lake stratification processes were identified.
Both individual discussions following each presentation and the General
Discussion will prove valuable to the reader. A list of participants is
provided to encourage future communication within the scientific community.
The Editor is indebted to Professor Clifford H. Mortimer, who as Chairman
of the Lake Dynamics Committee organized the workshop, for his helpful review
of these proceedings.
Andrew E. P. Watson
      
 This technical workshop was sponsored by the Great Lakes Research Advisory
Board's Standing Committee on Lake Dynamics and held in the IJC Great Lakes
Regional Office, Windsor, February 26, 1976. The main objective was to address
problems relating to the dynamics of lake stratification and interpret their
significance in lakewide, vertical mixing processes. The latter contribute to
the release and distribution of nutrients and contaminants from sediments.
The workshop was attended by twenty-three participants, including researchers
in the field, members of the Lake Dynamics Standing Committee, the Research
Advisory Board, the International Joint Commission and its Regional Office
staff.
Twelve invited papers were presented, and one other provided during the
general discussion. Subject matter was pertinent to the intent of the workshop,
covering both field observations and analogous laboratory and computer simula-
tion experiments together with interpretation of results.
Several modelling studies were reported. The basis of existing models used
for predicting these lake phenomena was critically reviewed. Intrinsic short-
comings of the models were discussed and caveats suggested for guidance in their
application to lake management and the related decision—making process.
Conclusions reached by the participants are summarized below.
- Stratified flows aresignificant in lakewide vertical mixing processes, but
their role in the release and distribution of nutrients and contaminants
from sediments requires definition and further study.
- Definitions and allocations of mixing zones demand an understanding of the
dynamics of the water body concerned since, within stratified layers,
dispersal rates can vary over very wide ranges.
— Vertical profile sampling techniques need to be developed.
- The limitations of most predictive models for the behaviour of aquatic
systems and their environmental quality depend upon the validity of assump—
tions regarding flow processes.
~ Such water quality models should be used with discretion as aids in the
decision-making process in the management of the Great Lakes.
 
   
 OPENING REMARKS AND SPECULATIONS BY THE CHAIRMAN
IIIIM'IHI I
Prof. Clifford H. Mortimer, F.R.S.
Center for Great Lakes Studies
University of Wisconsin, Milwaukee
The Lake Dynamics Committeehas sought to identify those areas of research
which hold the key to understanding the hydrodynamics of the "boundary waters"
of IJC concern, principally the Great Lakes. One such research area relates
to large—scale patterns of horizontal transport and diffusion. The methodology
needed to explore these patterns was the subject of the Committee's first
workshop, 24—25 February 1975, on "The Feasibility of Remote Tracking of
Drogues and Other Instruments Drifting in Coastal Waters". That workshop
discussed existing and potential methods for Lagrangian tracking of flow (and
environmental information) on large and hitherto almost unexplored scales of
time and distance, i.e. on whole—basin scales for intervals of weeks or months.
Another key area of research is concerned with the properties of flow in
stratified fluids. These properties have considerable bearing on vertical
transport of mechanical energy and materials. Again, new methods of measurement
are needed and should be developed. If it had been as easy, for example, to
measure the temporal and spatial distribution of the Richardson number as it
is to measure temperature, we should have acquired a much deeper understanding
of lake dynamics than we have today. Your interest in this subject is demon—
strated by your attendance here at relatively short notice. The Committee is
most grateful for your time and looks forward to sharing your ideas and sugges—
tions for promising lines of attack on identified problems of interest. That
attack will comefrom well—designed theoretical analysis, computer simulation,
from laboratory experiment and field measurements, and above all, from combina—
tions of two ormore of these. The composition of today's group of participants
has been designed with that in mind.
Clues, as to why the properties of stratified flow —- or more specifically
shearing flow in stratified fluids —— are likely to be particularly important
in large lakes, converge from a number of directions. For example, while
making other measurements at a mid—Lake Michigan anchor station, McNaught,
Stewart and I lowered a thermistor bead to approximately mid—thermocline
depth and, with occasional re—adjustments to keep it in mid—thermocline,
recorded the temperature over several long time intervals covering five days.
The record (Figure 1) showed episodic "bursts" of internal waves, sometimes
achieving temperature ranges of four degrees Celsius and with frequencies
concentrated in a narrow band near 0.5 N, but at no time exceeding N —— the
Brunt—Vaisala (cut—off) frequency. That these waves are of the first vertical
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Figure 1. Continuous (or equivalent) records of temperature at various fixed
depths and over various time intervals between 1100 CST 30 July and
1815 on 5 August 1963, at anchor station M2, Lake Michigan, or at
nearby stations where indicated.
The records were made with a Rustrak
thermistor probe (continuous line, recording every 2 sec) and a
Whitney thermistor probe (dotted line, recording every 15 sec).
The
Whitney probe depth on these occasions was probably overestimated by
at least 1 m. (From Mortimer, McNaught and Stewart, 1968).
Figure 2. Temperature variation at seven depths at a mid—lake anchor station,
M2, Lake Michigan, starting 1857 CST, 30 July 1963, determined by
continuously repeated profiling (Mortimer §t_§1, 1968).
Figure 3. Lake Michigan, 1963: (a) distribution of temperature, 0C, in the
Milwaukee-Muskegon transect, observed on railroad ferry run No. 226,
20 August (from Mortimer, 1968); (b) distribution of the 10°C isotherm
as observed on five consecutive railroad ferry runs, 19—20 August
(Mortimer, 1971). Figure and references from Mortimer (1974).
Figure 4. A standing Poincaré wave in a wide, rotating channel of uniform depth.
Separated by a cycle, two phases of the oscillation are shown for the
cross—channel trinodal (3rd mode) case, with a ratio of a long—channel
to cross—channel wavelength of 2/1. The clockwise rotation and cellular
distribution of the Current vectors are illustrated on the horizontal
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 SOME OBSERVATIONS OF STRATIFIED FLOW
IN LARGE, THERMALLY STRATIFIED LAKES
liIIM'IHI 2
Edward B. Bennett
Canada Centre for Inland Waters
Burlington, Ontario
INTRODUCTION
As my contribution to a workshop on the dynamics of stratification and
stratified flow in large lakes, I wish to share with the participants some
results of field measurements which are directly related to the subject
matter. My remarks are concerned primarily with effects and not causes,
and therefore, bear more on the desirable output from models than on model
development or review.
For the past half year I have beenengaged in preparing reports on the
physical limnology of Lake Superior, North Channel, and Georgian Bay for the
Upper Lakes Reference report of the IJC. The main questions to be addressed
for these descriptive summaries concerned first, possibilities for trans-
boundary movement of pollutants (Lake Superior) and, second, inter—lake
exchange (Lake Huron-Georgian Bay-North Channel system). In turn, the prime
requirement was for description of limnological characteristics on a monthly,
seasonal, or annual basis; that is, over time intervals much longer than we
are likely to be considering here today. Even so, after examination of the
summarized data from those water bodies, one could not help but be impressed
by the evidence for extraordinarily strong links between flow structure and
thermal stratification. Some of these observations are the subject of this
report.
SEASONAL CHANGES IN LAKE SUPERIOR
As part of a comprehensive program of study of Lake Superior during 1973,
time series records of current flow and water temperature were obtained at 16
predominantly nearshore locations over the period late May through the begin-
ning of October. The recording current meters were placed at depths of 10m
(all moorings), 15 m (13 moorings), 25 m (3 moorings) and 60 m (I mooring).
Fortnightly meansof current speed and temperature were calculated from the
data from each meter, and then grand averages were estimated for each fort-
nightly interval and depth. Plots of the grand averages show clearly char—
acteristics of the seasonal development of thermal stratification and the
related vertical structure of horizontal flow (Figure I). In particular, we
note that:

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The vertical exchange phenomenon began shortly after Georgian Bay was
stratified lakewide, when the thermocline could tilt in response to easterly
wind stress. The same stress moves surface water from Lake Huron into the
bay, and continuity requires a compensatory outflow. As illustrated by
Figure 4, the outflow could be constrained to the lower part of the thermocline
if the effect of surface wind stress vanishes in the thermocline. Indeed,
maximum outflow speeds could be in the lower part of the thermocline, as
illustrated by the results from Mooring 7.
POSSIBILITIES OF SELF-LIMITATION
For some observations of current and temperature structure, the Richardson
number is less than 0.25, indicating that vertical mixing might occur. One
example is furnished by observations on September 24 and 25, 1974, at Main
Channel Mooring 10 (Figure 5). Calculations based on hourly averages of
temperature and current velocity at 10 and 25 m depth show that instability
would be initiated early on September 25; correspondingly, the differences
in velocity and temperature decreased over the rest of the day.
A second example is illustrated by a time history of the strength of
the near—inertial component of current observed at 15 m depth in mid—lake
Superior from late July to the beginning of October, 1973 (Figure 6). This
became stratified, and relatively weak through early September, probably
because of generally light winds. Strong wind impulses on September 10 and
11 apparently initiated a lakewide resonance response which strengthened
over the next few days, becoming maximal on September 19. Thereafter, its
strength decreased in spite of several wind impulses. The phase of the
rotary near—inertial component changes by at least 180 degrees through the
thermocline; this fact, together with the observed magnitudes of the component
and knowledge of the local temperature structure, showed that the Richardson
number was below 0.25 on September 19. The question arises, therefore, as
to whether or not a self—limitation of the resonance response was observed.
CSANADY: How did you determine the Richardson number? Could you usethe
bulk velocity gradient for that?
BENNETT: Yes.
CSANADY: So, the real Richardson number might have been very muchlarger?
17
 






















































































































































































































































































































































































































































































































































































































































































































     





























































































































































































































































































 SOME OBSERVATIONS ON FREELY PROPAGATING
INTERNAL WAVES IN LAKE ONTARIO
lilIM’IHI 3
Farrell M. Boyce
Canada Centre for Inland Waters
Burlington, Ontario
ABSTRACT
Measurements of the temperature structure of Lake Ontario were obtained
with towed profiling equipment on a north—south transect of the lake during
August 1972. Internal waves at three different spatial scales of encounter
were detected; 10 km, 1000 m, and 100 m. The longest scale relates to basin-
wide internal standing wave modeswhile the two shorter scales are associated
with freely propagating internal waves. Thepropagating waves are described
via their signatures on the temperature records and possible mechanisms of
generation are invoked. It is suggested that the presence of these waves can
serve as indicators of physical processes such as large scale shear flow,
laterally unstable boundary currents, and active vertical entrainment of a
stratified fluid into a turbulent mixed layer.
INTRODUCTION
Mortimer, Boyce at al., 1976, have described the large scale (basin—wide)
aspects of the response of the thermal structure of Lake Ontario to a sudden
wind impulse on August 9, 1972. In this note I want to describe some features
of short, freely propagating internal waves observed with the aid of a towed
thermistor array during the same episode.
DATA BASE
The data I am going to examine were collected aboard C.S.S. LIMWOS over
the period August 8 to August 12, during which time the vessel steamed back and
forth along a transect joining Olcott, New York withOshawa, Ontario, (Figure
1). Two temperature profiling systems were employed, a Bedford Batfish system
giving essentially continuous readings along a sawtooth path in the vertical
plane, and a towed thermistor array which gives continuous temperature readings
at a number of fixed depths in the thermocline region. The marriage of the two
sets of data gives a much more complete picture of the details of the thermal






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































with which the short waves appeared.
26
Let us focus for a moment on the passage of events at station D in midlake.
Computations of the vertical integral of the temperature profile (heat content)
reveal this quantity to be relatively constant during the interval 0930Z
9 August to 10562 10 August (i.e. from before until after the storm). This fact
is a necessary but not sufficient condition for the assumption that purely local
forcing (as opposed to large scale water mass shifts caused by basin—wide
internal waves upwelling and downwelling or coastal currents) is in operation
during the above interval. This is not the case for waves close to the shore—
line. Figure 4 summarizes both the evolution of the temperature structure at D
and the winds measured aboard the 0.3.3. LIMNOS in which we note a cooling of
the surface water and the creation of a more uniformly mixed upper layer. The
details of the actual temperature profiles, transformed as local Brunt—Vaisala
frequencies, are shown in Figure 5. The maximum short internal wave activity
observed at D occurred around 18002 on 9 August (Figure 6) and, combining now
Batfish and Towed Array data, we are able to estimate the vertical structure of
this disturbance. An example of the most energetic short waves occurring at
Station E 14102 9 August is included in Figure 7.
The situation I have described of short internal waves arising in response
to forcing from the wind, seems to apply to all points in the transect except
those close to the south shore. I believe that a clue to this difference in
behavior is to be found in comparing the initial thermal structure at station F,
say, with that at Station D. At station F (Figure 8) the upper layer is essen—
tially homogeneous to a depth of 12.5 m and the passage of the storm does not
change this state (large scale responses do, of course, soon afterwards). The
profile at station F appears to be associated with a band of warm inshore
water, the remains of an earlier period of wind forcing.
Now, the vertical transfer of energy from the surface through a homogeneous
mixed layer must proceed via turbulent entrainment alone, until such time as
density gradients are encountered. From this point on a portion of the turbul—
ent energy with frequencies less than the local Brunt—Vaisala frequency can be
propagated downwards along ray paths. This energy will be trapped as internal
waves in the layer where N is greater than the frequency of the wave components
(Turner 1973). According to this notion, the nearness of substantial density
gradients to the surface at the midlake stations favours the early establishment
of an internal wave response; whereas at station F, the thick homogeneous upper
layer appears to shield the thermocline from internal wave disturbances.
Alternative generating mechanisms such as resonant interactions among
horizontally propagating surface and internal waves might be invoked (Thorpe
1966) in which case the difference between the nearshore and offshore behaviour
might be attributed to a fetch effect. The peak wind blows to the northeast;
the south shore is to windward. Until more detailed experimental and theoreti—

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































knowledge —— which attempts to assess the overall importance of internal wave
phenomena to the global mixing properties of lakes and oceans. Adequate know-
ledge of this aspect may be a long way off due to the intrinsic messiness of
both the theory and the observations.
There is, however, another way of looking at these waves, and that is to




















presence of an unsteady frontal structure. More interesting still I believe, is
the case of the short waves arising in response to surface forcing by wind, and
their apparent dependence upon the initial thermal structure near the surface.
Here, the presence or absence of such waves could provide valuable information
on the turbulent entrainment process, particularly in relation to the rate at
which turbulent energy is propagated downwards.
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Map of Lake Ontario showing the location of the transect line run
by 0.8.3. LIMNOS. At the stations labelled, A, B, C, D, E, F,
and G along the line navigational fixes were taken and supple—
mentary data in analog form were collected.
Description of towed temperature profiling systems used aboard
C.S.S. LIMWOS.
(a, b, c, d, e) Sequence of five consecutive cross—laketempera—
ture sections constructed from Batfish data. Transects 2 and 3
(Figure 3a and 3b) were made prior to the storm. Transects 4 and
5 (Figure 3c and 3d) were made during the storm, and Transect 6
(Figure 3e) was made immediately after the storm.
The figures show the depth of selected isotherms (labelled in
OC). Across the top of the figure reading from top to bottom are
printed; the location of moored instruments, the distance from
the south shore along the transect line in km, and the surface
temperature in OC. Across the bottom of the figure is written
the time (GMT) and date. Each transect took about 4 hours to
complete.
Wind speed measured aboard 0.3.5. LIMNOS and evolution of the
thermal structure at Station D from August 9 to 12002 on August
12, 1972. The dashed vertical line indicates the time at which
maximum short internal wave activity was observed at Station D.
Vertical density structure of the water column at Station D
between 09302 9 August and 01562 10 August (before, during and
after the storm).
Section of strip chart record showing the temperatures at several
thermistors in the towed array. This record coincides with
maximum short internal wave activityobserved at Station D.
Same format as Figure 6. This figure shows a maximum of short
internal wave activity observed at Station E.
Profile of N(2) at Station F prior to the storm.
Towed array record showing the edge of the south shore front
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Figure 2 DATA SWATH Essentially continuous temperature data is recorded along each sensor
trajectory Batfish data yields vertical structure and horizontal structure at 1 km
space scales. Towed array data gives indication of horizontal structure at scales
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DISTANCE FROM SOUTH SHORE
50 KM
Encounters with south Shore front and "medium" length wave
groups 10—12 Aug. 1972.
48
 MORTIMER: Thank you. You have given us a great deal of food for thought in that
presentation. Any comments or questions?
WU: What direction was the wind at the peak of this storm?
BOYCE: From the southwest.















































































every 1 km, but the mid—point is every 500 m.
QUESTION: What is that vertical detail you have in these traces?
BOYCE: The vertical resolution is good but the horizontal resolution is not
good. We have not attempted to smooth the data here. We have plotted every
crossing of the particular isotherm, so this is strongly aliased, as you can
see from the short internal wave data.
HUANG: How often were the transects repeated?
BOYCE: At four—hour intervals.
HUANG: It seems that there is also a long wave on one side of the lake rather
than the other?
BOYCE: I was doing some mental filtering. We are talking about the short



























































































































































































































































waves and internal waves, but from what I can gather the interaction time for a
significant growth is extremely long. Moreover, yOu need two wave trains to do
this and the waves in the Great Lakes are more or less monochromatic, so I do
not see that as a particularly fruitful approach, but it is an open question.
QUESTION: What would be the wave number of the energy in your energy spectrum?
Can you identify which is the energy wave length and what you think it would be?
I do not understand, for, if you do not have an external force mechanism, is
'the energy contained in longer waves naturally going to spread to the smaller
ones?
BOYCE: We would have to obtain a better understanding of the actual frequency
of the disturbance. The interesting thing with these waves which we see in the
thermocline, is that they are remarkably coherent and markedly monochromatic.
Going through a train of them you might see 20 or 30 waves, all with identical
wave lengths and more or less identical amplitude. That has always surprised
me. You can also find other trains in the picture. The picture changes from
spot to spot on the lake, but over a space of about 2 km it is identical.
Without some additional data, I have no real way of pinning down what is the
actual structure of these waves or what the actual wave length is. Knowing that
we use internal wave theory, linear wave theory, and work out from the structure
of the first vertical modewhat was their phase and fit frequency. I have some
clues. From the time the equipment failed we had to sit there and many of these
waves have periods of the order of about 1% min.
QUESTION: I do not see how you canderive the turbulence structure without some
feeling for the spectrum. How can you involve the eddy sizes?
BOYCE: I am assuming that the structure of the turbulence generated by the wind
would involve various things, including some energy at sufficiently low frequen—
cies — in the order of a minute or so — that would couple with the density
stratification and propagate downwards and be reflected by the weak density
gradients below and be trapped in the thermocline as a train of internal waves.
That is the mechanism I propose. Now, I am quite defenceless when it comes to
putting numbers to that, so whether or not it is a valid one. Perhaps you














































BOYCE: I would like to get that reference from you later.
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wind directed so as to leave the coast to the left, or else by an offshore
wind. Questions of practical importance are, how strong a wind is necessary
to produce a "full" upwelling, and what happens when the wind is even
stronger. A "full" upwelling is defined as one in which the thermocline
comes to intersect the free surface some distance offshore. Shoreward of
such an upwelled thermocline one finds cold, bottom water.
DISCUSSION OF OBSERVATIONS AND THEORY
A theoretical analysis of the problem is possible on the basis of
postulates of the conservation of potential vorticity, and geostrophic
balance after an adjustment period. The approach differs considerably
from the conventional linearized theory which underlies most existing
conceptual models of Great Lakes water movements. The new approach is
necessary in order to model the large thermocline displacements which a
''full" upwelling involves. There is gratifying agreement between the
theoretical predictions and observations carried out on Lake Ontario
during IFYGL*, but further work is necessary, especially to clarify the
role of internal friction.
Among the important practical aspects of upwelling is the direct,
adverse impact on recreation, cold (4—100C) water near shore being
unattractive for swimming. An indirect beneficial influence is, however,
that the development and eventual disappearance of full upwelling involves
massive exchange of water between the coastal zone and deep portions of the
Lakes. Such exchange keeps pollutant concentrations low in the shore zone
while promoting biological productivity.
CONCLUSIONS
 
"Full" upwelling is a unique mode of response of a stratified fluid
to wind near a coast. Its understanding will require some fundamental
knowledge of internal friction in stratified flow, as well as specific
information on the structure and dynamics of the flow within the upwelling




















































































































































































































































































































































































































































had a perfectly horizontal thermocline?











































































































































































































































































































































































































































































































































































































































































































































































































The fact that the horizontal velocity; V, is independent of x, y, 2
may be seen to be a form of closure hypothesis since this implies that the
Reynolds stress and the Reynolds heat flux below the level of radiative
heating must be linear functions of the vertical coordinate.





y . = a _ + __
p c w T Q + h [QO opp (T rh) at1
It is noteworthy that h (t), the depth of the mixed layer, is not constrained;
thus, another hypothesis is required to close the system.
The traditional method of closure of the further additional variable
follows from the turbulent energy equation for a mixed layer with ng_mean
shear. Integrating the turbulent energy equation across the mixed layer
from the base of the upper shear layer to the interface, we have
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where the viscous dissipation is E, p' is the perturbation pressure and q'2 is


































































































































































decay has on the deepening rate. In the classic example of the Kato and
Phillips‘ (1969) experiment with a rotating grid in a annular tank of
stratified brine of stability frequency, N, the traditional closure assump—
tion yields a time dependence for the growth of the mixed layer of
h ~ (tN)1/3
However, it can be demonstrated that with Thompson and Turner's (1975)
estimate decay law for the turbulent motions that
h 0L (%)2/15 (Linden 1975)
The results show a much reduced growth rate of the mixed layer compared
with that obtained when it is assumed that a constant fraction of the sur—
face input is available to increase the potential energy of the system.
In the instance of formation of a mixed layer by a purely convective
process, the concept of vertical decay of the turbulent motion may be applied
to bulk models of convective mixing. The novelty of this note is the exam—
ination of influence of varying available kinetic energy for entrainment on
a model of penetrative convection proposed by Farmer (1975).
Farmer has dealt with the formulation of a bulk model appropriate to
the formation of a mixed layer below the ice—covered surface of Babine Lake
and during the spring heating cycle. Farmer's remarkable set of temperature
profiles displaying the growth of the mixed layer is reproduced in Figure 2.
The essential feature of Farmer's model is that a source of instability
exists just below the boundary layer next to the ice and at the top of the
convective mixed layer. This source of instability provides the necessary
turbulent kinetic energy, some fraction of which, R(h), is used to increase





The differential equation governing the depth of the mixed layer, H,
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Note that the governing differential equation does not depend on the
extinction coefficient but only upon the underlying temperature gradient
and the constant heating rate due to radiation.
Here solutions of this equation for the nondimensional temperature
gradient of unity and the observed fraction, R, of 0.035 are computed for
both the case that R is independent of depth and the case where the kinetic
energy is assumed to decay according to the functional dependence of
Thompson and Turner (1975). That the decrease in the growth of the mixed
layer might generally be expected from the preceding analysis is demon-
strated in Figure 3, in the instance where verticaldecay is accounted for.
When the nondimensional variables are scaled according to the tempera-
ture gradients of Figure 2, the observed temperature discontinuities and an
average heating rate, the time unit is about 4 hr. and the depth unit is
about 2 m. Thus in approximately 24 hr. the growth of the mixed layer is
reduced by about 10% as predicted in Figure 3. However, it should be
pointed out that the effect of the nonconstant fraction, R, is much larger
than might be initially supposed from this result. Since the value of R
of 0.036 increases the mixed layer thickness to 17% beyond that predicted
for zero penetration in the case of a linear initial density profile, the
effect of decay yields a similar result to that for a constant R of about
half the size or approximately 0.22. Alternatively the value of R at H=l
would have to be 0.08 in the variable fraction model to yield the observed
growth rate. It is evident that nonconstant penetration in fact decreases
the growth rate by a factor of two.
The reader is referred to Linden (1975) for experimental evidence on
the effect of internal wave generation on the depth of the mixed layer, who
estimates that the growth rate may be reduced by as much as 50% by internal
waves.
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 CONCLUSIONS AND RECOMMENDATIONS
It has been shown that the bulk approach to the theory of the dynamics of
thermal structure in lakes relies upon a number of basic assumptions on the
nature of the underlying thermal and velocity structure.
In particular our
knowledge of the velocity structure in lakes is inadequate at present.
Tradi—
tionally only temperature profiles have
beenmeasured in lakes.
It is argued that before further progress can be achieved in our under—
standing of the thermal structure in both the bulk theories and the mixing
coefficient approach, which itself requires knowledge of the squared vertical
shear through the Richardson number, detailed measurements of the velocity
structure as close as possible to the surface will have to be made under a
variety of environmental conditions.
It is hoped that the Lake Dynamics
Committee of the IJC's Research Advisory Board will strongly recommend that
field studies of vertical
velocitystructure in large lakes be undertaken in the
near future.
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Figure 1. Schematic model of the vertical structure of temperature, velocity
and turbulent flux boundary conditions
(After Niiler 1975).
Figure 2. Successive temperature depth profiles derived from thermistor chain
data.
The profiles area based on data collected at 24 hr.
intervals




Growth of mixed layer for Farmer's model, solid line; with decay
of turbulent kinetic energy, dashed line. For the case of non—
dimensional stratification, ¢, of unity, a unit of H is approxi—















































   
































































































































































































































   
  
QUESTION: Could you explain the horizontal scale on the slide of the Babine
Lake observations?
HAMBLIN: Yes, this represents 20C. The depth varies from the surface to 70 m
and it takes about a month for the mixed layer to develop.
QUESTION: When did the ice disappear; at the end of the picture?
HAMBLIN: Yes.
MORTIMER: The bottom temperature is 40C?
HAMBLIN: It is hard to say. I do not think Dr. Farmer has the bottom tempera-
tures marked, but, perhaps he has the surface temperatures marked; 3.2500.
I was hoping that Dr. Farmer would be here. I do not know a great deal about
his study and all that I have here is reproduced from the paper which I have
with me, if anyone wants that reference.
COMMENT: I am somewhat confused, too. It seems that the lake is isothermal on
the extreme right side.
HAMBLIN: That is correct.
QUESTION: Is this a development of the thermostructure or the other way around?
Is it the collapse of the thermostructure?
HAMBLIN: This would be the collapse of the winter thermostructure. In other
words, the temperature at maximum density, as Dr. Mortimer has pointed out, is
4°C. During the winter it is 0°C at the surface and somewhere around2°~3°C
at great depths.
QUESTION: You say he postulates that the reason for mixing near the surface is
due to selective absorption of radiation through the ice?
HAMBLIN: Yes, there is penetration of solar radiation through the ice.
QUESTION: Is it reasonable to expect that it would occur down towards the end
of the slide, at 60 m depth?
HAMBLIN: There is instability here, generating turbulent kinetic energy which













































































































































































































































































































































































































that because from January through May, it is heating up?
HAMBLIN: Yes, due to solar radiation penetrating the ice.
BENNETT: You mentioned that the right unit to put in the time scale would be
about four hours. I was wondering what diurnal variation the solar radiation
had?
HAMBLIN: I think initially it could be quite important, but after a certain
depth it is probably not that important. After it is moderately thick probably
it does not make much difference.
I believe that, in his paper, Dr. Farmer used diurnal variations to get
some effect on velocities so this diurnal effect is perceptible under the ice.
MORTIMER: I would not be surprised if Dr. Harleman has something to say about
that in his later talk.
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EVOLUTION OF THE LAKE ONTARIO THERMOCLINE DURING IFYGL






Today I shall discuss one particular bulk model, which is based on the
theory proposed by Kraus and Turner in 1967.
In the previous talk, Dr. Hamblin was correct in stating that there
is a great deal of literature on the subject of parameterization of the heat
transfer processes in the upper layer of the oceans and lakes.
The simplicity of the Kraus and Turner model attracts many people since
numbers of conditions may be specified for the system and in order to make
sensitivity and reliability tests. There are some notable tests of the Kraus
and Turner model, one of which is not in the general literature. That is the
work by Clark (1968) in which he simulated the time variation of depth of the
mixed surface layer in the North Pacific using Kraus and Turner's model. He
found that the agreement with observations was quite good.
Recently Denman (1973) and Denman and Myaki (1973) proposed a somewhat
more sophisticated model based on the Kraus—Turner theory. This modified
model was used to predict transient temperature and thickness of the Surface
layer of a region of the North Pacific. Denman and Myaki (1973) found good
agreement between observations and results.
BULK MODEL DEVELOPMENT
 
There has also been a sequence of papers on the thermal structure of
lakes by Edwards and Darbyshire (1973), Darbyshire, McCulloch (1972),
Darbyshire and Edwards (1972) in which they attempted to analyse the time
variation of the thermal structure in a relatively small lake in North Wales
and applied a variant of the Kraus and Turner theory and found some signifi—
cant deviations between predictions and observations; although their model did















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































been incorporated in bulk models previously.
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 There is another physical phenomenon which is particularly important in
small water bodies. We seldom recognize the fact that on clear nights radia—
tive heat loss to space leads to convective turnover in the mixed surface
layer.
As a consequence there is a convective time scale associated with the
night time cooling. This time scale is crucial and must be included on the
diurnal time scale. Precise representations of all of these complex phenomena
are beyond the scope of our model; however, in each case we have based our
assumptions on published results, not on serendipity or convenience.
I should mention another important, and novel, assumption concerning the
kinetic energy flux due to the surface wave breaking. We have assumed that
the small scale turbulence induced by waves decays with distance away from the
surface.
In this case our "submodel" has been extracted from experimental and
theoretical results of micrometeorological similarity theory for a near neutral
boundary layer.
We have excised two other disagreeable blemishes in the
simple Kraus and Turner model.
A feature of the basic Kraus and Turner model, which causes some mis—
givings about its applicability, is its two—layer structure.
We have avoided
that by solving the boundary value problem for heat diffusion below the mixed
layer.
As we shall see, this nuance gives a more accurate if not more
aesthetically pleasing, profile. Also, we have attempted to simulate
penetrative radiative heating with depth.
This modification is crucial when
there is a wide range of turbidity among the lakes simulated.
I would like to return to the problem of lake size and its effects on
surface layer mixing processes.
Total wave energy is a function of wave
amplitude which in turn depends on fetch and duration of the wind.
The
kinetic energy in the scale associated with the breaking of surface waves
also depends on wave amplitude — thus on fetch and duration.
In order to
get a realistic estimate of the net kinetic energy flux into a lake, we
must also incorporate another "submodel" which simulates the net kinetic























































































































































however we cannot obtain reliable verifications with—
out lakcwide data.
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 We found that the model agrees very well with observations, particularly
during the strongly stratified summer months. This is no critical test of
our model versus others that have been proposed previously, since several
relatively simplistic models have been successful in predicting thermal struc—
ture during stable periods with intense stratification (Note Fjeldstad, 1933
or Ertel 1954). These models were successful as long as mixing and radiative
conditions were relatively constant, but they broke down when catastrophic
events, such as storms, occurred.
However, the critical times which test the model's mettle are those during
which the lake is in a transition from a stratified condition into a homogeneous
state or vice versa. Under these conditions it is very difficult to predict
what the results of mixing processes will be in terms of the observed strati-
fication. The stratification is critically dependent upon the kinetic energy
input, the solar radiation, and the air-water temperature differences.
During summer months we have found that our model simulates the lake
averaged data as long as all stations are reporting. We have found that
there are large gaps in the serial temperature observations beginning in
the early autumn, just at the time when we needed to test the critical res—
ponse of the model. The operating stations were almost exclusively on the
southeastern end of the lake; consequently, the recorded temperature profiles
showed the effects of the build up of warm water on the eastern, windward end.
These data could not be used to verify our model, since they did not repre—
sent the lake as a whole.
I am now going to show you an attempt to check the consistency of
the model with the gap—filled and highly skewed observations. I shall also
give a clear caveat that our method is unfortunately, but necessarily, crude.
From the rare instances in which we had all stations reporting in the month
of October we were able to determine a mean slope of the thermocline by
making a least squares fit of a plane through the data.
Next, the plane isothermal surfaces predicted by our model were tilted
so that the thermocline predicted by our model had the same slope as the
empirically fitted plane.
A constraint of constant lake volume was added
in order that the specific heat of the lake and mass were conserved by the
model.
Using this rather intuitive technique we could estimate the effect
of thermocline tilt due to advection of warm water
to the east end of the
lake.
Our "tilted" model was






































































































































Now, finally, we have a couple of interesting things that show diffi-
culties in verifying a model such as this. The next slide (Figure 3) is a
comparison of the predicted and observed mixed layer depth as a function
of time over the month of October. The difference between observed and
predicted depth varies from a fraction of a metre to a few metres until
intense autumnal storms pass over the lake. Note the tremendous oscilla—
tion cycle of about four days in which there seems to be large scale
internal wave activity.
I would re-emphasize that the measurements are highly skewed towards
the eastern end of the lake where the majority of the IFYGL* temperature
records originate at that time. We can see that the error becomes large
during the storm periods. By the end of the month when things seem to be
calming down and the oscillations are dying off, we find, as we showed you
before, that the model and observations agree at least at the surface
layer.
CONDITIONS FOR MODEL VERIFICATION
 
These results indicate that verification of a model such as ours would
require relatively uniform measurements over the lake in order to: first,
ascertain or estimate realistically energy inputs; second, determine the
average thermal structure, or average heat content in the lake between con-
secutive isotherm depths. Finally, we would require gap—free records during
the transitional time.
I shall now show a slide similar to one which has confused some of you
in Dr. Hamblin's talk. Here is the predicted variation of the thermal struc—
ture with time (Figure 4). At each time step of one day the temperature profile
is drawn and each successive profile is offset on the time axis by 1.50C.
So,
with this diagram, we can see the temporal variation of the thermal structure
from the beginning to the end of the month; excepting one case in which there
is strong cooling due to passage of a storm.
CONCLUSIONS
We have shown that our one—dimensional bulk model gives a good representa—
tion of the lake—averaged structure of Ontario. This type of model is of
interestlto two groups. First, biologists, particularly biological system
modelers, can use the results from models such as ours to gain some insights
about the depth-time variations of some aquatic populations which are
influenced by the stratification over the lake as a whole. Second, an
important by—product of our model is the estimation of long term air-lake
exchanges of sensible and latent heat, kinetic energy, and water vapor. The
gathering of that information, as I understand it, was one of the important
objectives of the IFYGL study. Our model is the first, about which I am
aware, that gives estimates of the exchanges with time scales from diurnal
to seasonal.
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 SIMULATION OF THE VERTICAL THERMAL STRUCTURES OF
LAKES UNDER TRANSIENT METEOROLOGICAL CONDITIONS
ﬂHM’IHI 7
Donald R. F. Harleman and Kathleen A. Hurley
INTRODUCTION
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of the mathematical model.
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The approach taken by Ryan and Harlemen (6) is to consider the effects of
turbulence in various layers. In the surface layer, where turbulence may
exist due to wind shear and wave motion, convective currents and surface
cooling effects dominate.
Therefore convection is considered explicitly;
whenever a density instability exists, the profile is mixed to eliminate it
in such a way that thermal energy is conserved.
Near surface gradients are
eliminated thereby nullifying the effect of turbulent diffusive heat trans—
port near the surface.
In the hypolimnion, vertical temperature gradients
are small and diffusive heat transport is small even if turbulence exists
below the thermocline.
In the thermocline region, the density stratification
will tend to inhibit turbulence.
A reasonable approach is to neglect turbulent
diffusion as a first approximation, and to take all other known forms of heat
transport into account as accurately as possible. Molecular diffusion is
included as a minimum value for diffusion for computational convenience and
for use in the laboratory experiments where turbulence is generally absent.
Horizontal velocities are computed from inflow and outflow rates,
assuming Gaussian velocity distributions about the entry and exit elevations.
Inflows are assumed to enter the water column at the elevation at which the
density is equal to the inflow density.
Vertical velocities are computed by
conserving mass in each element. Thus
3Q





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Laboratory Measurements in Clear Water
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SENSITIVITY OF THE MODEL
 
It is of interest to investigate the sensitivity of the vertical tempera—
ture structure to various parameters in the mathematical model. Parameters
which will be examined include through—flows, vertical eddy diffusivity, the
time scale of the transient meteorology and the extinction coefficient of
light in water. The emphasis of this study is not on verification or prediction,
but rather on the range of influence of the parameters.
THROUGH-FLOW
In addition to the magnitude of the incident short wave radiation and
depth of the reservoir, the degree of stratification is influenced by the
ratio of the through—flow volume to the reservoir volume and by the outlet
position. Orlob (4) suggested a criterion for the existence of strong
stratification which is a function of the through—flow rate and the reservoir
geometry
(8)
where L = length of the reservoir, h = mean depth, V = volume of the reservoir,
Q = through—flow rate, 8 = average normalized density gradient, taken by
Orlob to be 10'3 m'l, and g = acceleration due to gravity.
The flow patterns in a stratified reservoir may play an important role
in transporting heat. The velocity distributionis influenced by inflow and
outflow conditions and by the temperature (density) distribution. The vertical
flow rate, obtained from Equation (4), is a function both of the magnitude
and location of the inflows and outflows. Figure 4, taken from experiments
done by Ryan and Harleman (7) in the MIT Reservoir Flume, illustrate the
influence of flow rate and outlet elevation on the temperature distribution.
The influence of vertical flows can also be seen by comparing Figures 1 and
3. A submerged outlet draws the warmer surface waters down at a velocity
























results in a very narrow withdrawal layer which prevents further downward
development of the interface. The cool water beneath the outlet tends to act











































































































































































































































change in the predicted temperature profiles.
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Comparison of predicted temperature profiles in Fontana Reservoir using different
diffusion coefficients.
 
In the case of a lake with no advective transport due to through-flow
(Figures 7-10; which will be discussed in more detail later), changing
the diffusion coefficient by a factor of 50 results in large differences
in the predicted temperature profiles.
It is important when predicting
the temperature structure of a deep reservoir or lake, therefore, to
know the magnitude and elevation of the inflows and outflows. In water
bodies with surface outlets, there may be little downward transport of
heat by advection,
especially if the flows are small.
VERTICAL DIFFUSION
The sensitivity of the transient temperature distribution model to
vertical diffusion was tested in a hypothetical lake with no inflow or
outflow. Meteorological data for the year 1974 for a mid—Atlantic state
was used in the simulations runs. Figures 7-lO show that the effect on
the temperature profile of multiplying the molecular diffusioncoefficient
by a factor of 50 is quite large. Comparisons of the effect of diffusion
should be made by relating pairs of curves, A and C, or B and D, having
equal values of the extinction coefficient n.
EXTINCTION COEFFICIENT
 
Pairs of temperature profiles, A and B, or C and D, having equal dif-
fusivities and extinction coefficients of 0.25/m and l/m are shown in
Figures 7—10. The reciprocal of the extinction coefficient is a measure
of the depth of penetration of solar heating. The extinction coefficient
for distilled water is .03/m and for Lake Tahoe, noted for its exceptional
clarity, it is .03 - .l/m.
It is noted that variations in the vertical diffusivity and extinc—
tion coefficient have little effect on the predicted surface temperature
at any given time.
TIME STEP
Meteorological data are usually available as daily averages or as
three—hour averages. Since the cost of running a model is directly pro—
portional to the length of the time step used in the calculations, the
sensitivity of the predicted profiles to the time step is of interest.
Figure 11 shows that the influence of diurnal meteorological fluctuations
is felt only near the surface in the model. This is in accord with
observations. Long-term simulations of surface temperature using differ—
ent time steps are shown in Figure 12. The computed variation in surface
temperature over a day is from 2—30C. Thus it seems that unless diurnal
temperature fluctuations in the upper 2—4 m of a water body are of specific
interest, daily averaged meteorological inputs are inadequate.
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None of the data that I have shown you reflect any artificial
input
of heat from a nuclear reactor.
GREEN:
If you were going to obtain the ground state of the net heat content of
the lake, which would essentially be very important in determining the vertical
structure, have you compared your model net heat with the observed net heat in
the lake ~ i.e. the heat capacity?
HARLEMMN: Well, do yOu not get that on comparing the vertical structures?
GREEN: Yes, if there is a horizontal homogeneous layer.
HARLEMAN: That is right, it is very homogeneous.
HAMBLIN: You showed some experiments where you have, say, intakes at different









HARLEMAN; It is very easy to show if you have a body of water like this. If
you have a flow in here, With a temperature generally cooler than the surface
temperature, then that is going to progress downward with some entrainment and
mixing, and then taper off at the density level of the lake in general. If you
have an outlet here and some density structure then there Will be an effectlve
kind of selective withdrawal mechanism which is induced by the outlet.






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































INFLOW AND WITHDRAWAL CHARACTERISTICS OF STRATIFIED FLUIDS
IIIIAI'IHI ll
Timothy W. Kao
The Catholic University of America
Washington, D. C. 20064
ABSTRACT
Inflow and withdrawal characteristics of stratified fluids of arbitrary
stratification are presented in the two—dimensional context. A brief summary
of the dynamics of establishment of selective withdrawal of stratified fluid
is given, emphasizing the role of columnar disturbances. A criterion for
selective withdrawal is discussed based on the ability of the fastest pro—
pagating mode to travel upstream. The fate of inflows takes the form of a
density or gravity current. Various cases are discussed. The surface dis-
charge of lighter (or warmer) inflow is presented. The density and flow
structures from a numerical model (under development at the Catholic University)
and their implications to coastal oceanic fronts including downwelling and


















































the Vaisala frequency N(z) defined as


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The fastest propagating mode travels at the speed c = (gBL/Z) . The















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































calculation is shown in Figures 1 and 2. This result may be compared with the
field observation of the frontal structure of a river plume of brackish water
of the Connecticut River in Long Island Sound by Garvine and Monk (1974).
Sections of isopycnals or constant sigma—t lines normal to the front show the
typical structure of Figure (l). Garvine and Monk reported strong downwelling
of the salt water near the front which is clearly illustrated in Figure (2).
Detailed numerical results, including the effect of ambient stratification, will
be given in future publications by the author and his associates.
If the ambient is stratified and the fluid occurs as an interflow, the
speed of the density current may be estimated by following the same procedure
as before. On assuming that the ambient stratification is undisturbed, the
result (see Kao, 1974) gives the current velocity U to be equal to Nh/2. The
corresponding interflow Froude number is thus l/2. It should, however, be
noted that the level at which the inflow settles down to an interflow is
generally higher than the level where the inflow equals the density of the
ambient. This is because of the entrainment of lighter fluid during the
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The phenomenon is actually non—linear,














in the case Of withdrawal,






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
  
NOTES ON RECENT RESEARCH ON
SIMULATION OF TWO—DIMENSIONAL STRATIFIED FLOWS
BHM‘IHI 9
Gerald T. Orlob




The brief comments presented here are intended to summarize some
recent efforts to develop and apply the finite element method (FEM) to
the problem of simulation of weakly stratified flows in two dimensions.
The work reviewed is attributed primarily to I. P. King and W. R. Norton,
the presenter's colleagues, who have been activeresearchers in finite
element techniques and who have developed several unique models that are
presently being applied to practical problems in hydromechanics.
A primary stimulus for this work developed from earlier efforts to
characterize mathematically the phenomenon of thermal stratification in
lakes and reservoirs. These were generally successful for the cases of





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Some results of application of these models are presented in Figures 3,
4, and 5.
Figure 3 is a graphical representation of the flow pattern that
results in the confluence area as consequences of the combined Snake and
Clearwater flows.
It illustrates the pattern of mixing of two streams,
generally dominated by the stronger flow of the Snake.
There is an indication
in this case of homogeneous flow that velocities along the south bank near the
town of Lewiston are likely to be very small. If a difference in density
Should exist between these two flows, e.g. the Snake River water should be
colder than the Clearwater, then an upstream movement of water might be possible
in this region.
This possibility was confirmed by application of the two—dimensional
(vertical) model for non—homogeneous flow.
Figure 4 depicts a general pattern
of the horizontal component of velocity in the region of the confluence and
Figure 5 shows the vertical component at various levels in the flow. In the
latter figure, a comparison is made for cases of both homogeneous and non-
homogeneous flow, the velocity differences between the two cases reflecting
the effect of density variations and mixing. For example, the Clearwater flow
is seen to experience a significant upward movement as it approaches the
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SNAKE-CLEARWATER CONFLUENCE EXAMPLE PROBLEM
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in Streams and Reservoirs",
Final report to California Department of
Fish and Game, Revised August 1968.
(2)
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"Temperature Variations in Deep Reservoirs",
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(3) Chen C w and G T Orlob. "Ecologic Simulation for Aquatic Environments",
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In your handling of the three-dimensional problem to two dimensions
you are essentially assuming that flow conditions across each stream section
are uniform?
ORLOB:
Yes, conditions are treated as uniform along an axis normal to the
two—dimensional plane considered.
QUESTION: So you can manipulate these equations at the junction elements
then, to satisfy all the requirements?
ORLOB: Yes.
KAO: Some of your problems are two-dimensional looking from above — the plan
View — and some are two-dimensional in the vertical plane?
ORLOB: Yes, both types have been treated.
K40: Those are discussed in your work?
ORLOB: Yes, there are two basic models, with three different versions of
each. Both models are two—dimensional, one for the vertical plane and the
other for the horizontal. Flows may be either steady state or dynamic and for
either homogeneous or inhomogeneous conditions.
The steady state horizontal and vertical flow cases have been solved for
Lower Granite Reservoir. The dynamic case has been applied to the Savannah
Estuary, with some very encouraging results. It appears that this model will
be very useful for the characterization of unsteady stratified flows such as
one finds in estuarial systems.
HARLEM4N: It seems to me it is precisely in zones of confluence of different
densities (such as that in the Lower Granite application) that the basic
assumption of constant eddy diffusivities and viscosities must break down.
ORLOB: I suspect that is true. This is the area where we feel least secure
at present about adapting such a technique. We do not yet have sufficient
information to identify formally the relationship between these coefficients




































































































































































































































































































































































































































































































































































































































































































































































































































































































This study is directed toward measurement of the physical parameters
associated with the thermal discharge from the Donald C. Cook Nuclear Plant,
located on the southeastern shore of Lake Michigan near Bridgman, Michigan.
The data, therefore, represent very localized conditions in the nearshore
regions of Lake Michigan and as such, are not particularly pertinent to the
large scale dynamics of stratification and stratified flow in Lake Michigan.
Furthermore, the objective of this study is to satisfy regulatory requirements
of the Nuclear Regulatory Commission (NRC) which requires measurement of the
areas associated with water temperatures that exceed the ambient water tempera—
ture by 30F or more, and to identify the areas of the lake, lake bottom and
shoreline affected by the plume. The experiment was not designed to obtain
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The data available from January 1 to October 10, 1975 were analyzed
with respect to the observed directional persistence of the currents.
Figures 6 through 9 show these results. The predominant feature illus—
trated by these data shows that except for meter IN, which is nearest the
operating discharge, the current directions persist less than one day more
than 50% of the time. Note that the southern inshore current meter (AS)
almost always records a predominantly north—flowing current. This possibly
indicates presence of a large eddy on the south side of the discharge. Sur-
face drogues moving toward the discharge from the south have been observed
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D. C. Cook Current Meter Data










     
 






































































































































































































































































































































































































































































































































































































































































































































































































































































Rotated lo c00fonn to the convention that the D. C. Cook North-South
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Figure 8.
Lake Current Persistence
Current Meter N0. f£:§i_
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EISLLEC: Yes, shore-parallel most of the time. You tan he» ‘hklb is a
little bit of easterly component here, but thie again ia a, a 4699” of “new!
3 m.
CSAHAZZ:
Have you found confluence on one aide 0. ran pixmr, geakIeLLy :7
the boundaries of the plume?
Tffjfﬁj: We have not seen that wit? t'fe éfecazrge as we aeve 1:1 2*ue1:
:ecause it is a relatively high veiccity e.vze'ge, ciecazrge 5' awake uy°
a: about 13 feet per second. It aeene 10 he a vary efffffei’ cf§?.eel emﬂ
reduces the temrerature of thie gimme very re;1¢§y, an we 12 an‘ 5&1 “Ir


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ments to approximate vertical transport. With the aid of these depth— and
time—variable coefficients seasonal water temperature structures can then be
predicted by using a conservation of heat (transport) equation.
Actually the water temperature structure of a lake is very dynamic and
constantly in response to changing weather conditions. It is therefore
appropriate and necessary to use more than a conservation of mass principle.
1
An energy equation using integral energy input at the water surface, i.e.
energy in the form of heat and mechanical energy (mostly wind work), has been
tentatively used and with good results on small and medium sized lakes. A
brief account of this work will be given below. Further research on vertical
energy transport in smaller lakes using a one—dimensional approach and further
extension to the Great Lakes using simultaneous vertical and horizontal
transport can therefore be recommended. Fundamental questions of vertical
energy and momentum transport in lakes are still unresolved.
 
 FIELD MEASUREMENTS
Weekly water temperature measurements in lakes are generally sufficient
to show seasonal mixing and stratification characteristics. Figure l is an
example of a dimictic lake. The seasonal temperature structure controls many
chemical and water quality features of a lake. Daily temperature profiles
reveal additional, very significant variations in temperature structure,
mostly in response to wind and solar radiation. Figure 2 gives an example.
It is at that daily time scale that many important biological processes take
place. Representative eddy transport coefficients can be computed from past
water temperature records for periods of a month or perhaps for a week at a
time, but not on a daily time scale. The total energy approach based on daily
weather information seems to be a more promising way for daily water tempera—
ture prediction at least in small and medium sized lakes. The basic considera—
tions are as follows.
HYDRODYNAMIC BACKGROUND
 
A number of laboratory experiments and analytical studies have shown that
the rate of downward movement of a temperature discontinuity or of a thermocline
in a stratified water body can be predicted for some simple flow conditions
from the energy import at the water surface and the temperature induced strati—
fication stability. The experiments by Kato and Phillips, Turner, Rouse and
Dodu and others may be quoted. The above experiments are simplified simulations
of fluid motion near a lake surface under the effect of wind. Thewater
temperature structure in both the experimental tank and in a real lake bear
great resemblance, as do the processes which form them, except that in a real
lake several processes resulting from wind are usually superimposed. The
common feature is the existence of a mixed layer of finite thickness near the
surface which develops depending on the amount of wind energy provided and the
amount of vertical mixing work necessary. Figure 3 shows a typical change in
mixed layer depth and temperature profile which occurs as a result of wind
mixing within a short time interval.
The main hypotheses regarding windmixing are:
(a) The kinetic energy available to produce vertical mixing at the thermo—
cline is proportional to the wind energy supplied at the water surface.
Further studies of the actual transmission of wind energy Supplied at the
surface into depth are necessary.
(b) The surface energy supply per unit volume of mixed layer must exceed the
work necessary to lift a unit volume of water from just below the thermo—
cline to the center of mass of the mixed layer, if vertical entrainment
and deepening of the mixed layer are to occur. If the above condition is
not met, the thickness of the mixed layer is constant in time. This
concept of total vanishing vertical entrainment if the stratification
stability is too strong, is different from some experimenter's findings
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Example of compounded isotherms derived from daily
water temperature measurements in Lake Calhoun
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Change in lake water temperature profile as a result
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with reference to the lake bottom has been computed and compared to the
cumulative wind work Ekin.
Figure 8 shows sample data.
Lifting work and
total negative buoyant potential energy are not directly related, but it
is informative to see that wind energy, in the example given, is supplied
at a nearly constant monthly rate from May through September, while the




 Fig. 14 Temperature and density structure before and after entrainment



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the thermocline has been averaged out.
QUESTION:
This does not reflect any differences over the 24-hour period if
you observed every hour for 24 hours?
Is it simply a one—time?
STEFAN:
The measurements show conditions after a one-day, two-day,
etc.,
period; with no information as to what exactly went on in between.
MORTIMER:
In predicting mixing conditions of adjacent layers depending on a
critical ratio you are talking of Froude numbers?
STEFAN: More exactly of an energy ratio.
QUESTION: Regarding your statementhat during the period of no lake strati-
fication the potential energy is zero, is that potential energy with respect
to the bottom?
STEFAN: Yes, total potential energy, with respect to the bottom.
MORTIMER: Besides the wind mixing influence on the thermocline, which you
mention, there is also convection after the heat flux becomes negative.
STEFAN: That effect is included in the analysis.











































the wind velocity to the third power were used.



















































































































































































































We were concerned about the tilt of the thermocline and wanted to eliminate
it. The analysis is entirely one—dimensional.
QUESTION: Is it a shallow ground lake?
STEFAN: Yes, and also a fairly round lake. We also worked on very bizarre
shapes. It turns out that the more regular the shape the better this methodo—
logy works. If we have very irregular shapes the accessibility of the surface
to wind is not very clear.
UAMBLIN: Your method of closure by a critical Froude Number is very similar
to the critical Richardson Number concept of Pollard, Rhines and Thompson.
STEFAN: Yes.
QUESTION: What about the ratio of potential energy to kinetic energy? Do
you take the potential energy with respect to the bottom?
STEFAN: No, potential energy is buoyant potential energy. If you were
lifting a layer from underneath the thermocline to bring it into the mixed
layer, a certain amount of work would have to be done.
'1 ,")’I {1’ ’77,: V'" .
pt That is with respect to the surface, though.
STEFAN: The potential energy used in the model is not referring to the
bottom. An earlier figure depicts the total potential energy with respect
to the bottom. For mixing, it is only the relative buoyant potential
































































































































































potential energy ought really to be negative;
so the definition is just
reversed.
STEFAN:
Yes, there is a minus Sign but it does not hinder the computations
in any way.
WATSON: In this study, have you made any reference to the theories of
liquid mixing, liquid phasesor the molecular structure of liquids?
STEFAN: No.
WATSON: I wondered if you had drawn on any of this work and whether it
would be pertinent in this context, to help explain some of the phenomena
that you have observed.
STEF N: We have not attempted to do this.
WATSON: It seems to be very close to that point.
MORTIMER: I would guess that the temperature density effect of water w0uld
be a much more important factor than the changes in the molecular structure.
It is density that is the key to this.
 











College of Marine Studies, University of Delaware
Newark, Delaware 19711
INTRODUCTION
Earlier studies on wind erosion of seasonal thermocline were conducted
indirectly with mechanical devices simulating the wind action (Turner 1968,
Kato & Phillips 1969, Moore & Long 1971). Undoubtedly, these studies are
the foundation stones which have not only advanced our understanding of
turbulence in stratified fluids, but have also stimulated more direct experi-
mentation with wind (Wu 1973). From this earlier study, the following
experimental procedure and results are abstracted.
The experiment was conducted in a transparent wind—wave tank 20.5 cm
wide and 232 cm long, as shown in Figure l. A blower was installed at the
upwind end of the tank and a wave absorber at the downwind end. The tank
was covered for the first 190 cm to provide a 9.5 cm high wind tunnel over
28 cm deep water. Two layers of fluids were used, blue—colored fresh water
lying over clear salt water of various densities. The thickening of the
blue layer along with the tilting of the density interface under a steady
wind werephotographed with a movie camera.
The rate of entrainment (i.e. the rate of thickening of the upper layer)
was found to be constant and the rate of change of the potential energy of
the mixing layer was found to be proportional to the rate of the work done
by the wind. However, only a small fraction of the work done by the wind is












































































































































































erosion and the generation of internal waves.
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In the first wind mixing tank experiment which you described,
the bottom layer was not stratified?
WU: No.
CSANADY: So that is a big difference from the Kato and Phillips experiment.
WU: Yes, the mixing rate is slower than their rate if you consider some of
the energy going to internal waves. Our mixing rate should be higher than
theirs, because in a two—layer system there are no internal waves.
The Kato and Phillips tank is circular, the purpose being to eliminate
the return flow, but we used our version to try and eliminate the secondary
flow. All the observations would be done in this section.
MORTIMER: In their (i.e. the Kato and Phillips design) circular tank they
were able rather easily to measure the drag on the surface, too. It was
also a simple and convenient mechanical arrangement.
WU: Correct. There, as in the other experiment we did in that straight
tank, we measured the wind profile and from this we deduced the friction
coefficients and the wind stress at the water surface.
























































































































































































MORTIMER: How small a motor do you use for the blowerS?






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































I propose that this discussion should be completely freely struc-
tured.
I know that one of our members at least has some further data he wants
to show.
As far as the Committee is concerned we would like to have your
opinions on which priority research areas we should stress or even recommend
to the IJC Research Advisory Board in the hope that the research might eventu-
ally be funded by the federal agencies on both sides of the border.
This is particularly relevant because Dr. Eugene Aubert, here, has
called a three—day Work Session next week of the IJC Research Advisory Board's
Research Needs Report Committee, to finalize a listing of research priorities
in a number of fields; including lake dynamics.
If you wish, you could give
us some input for that Committee and we might be one step ahead by appearing
in the final printed version of the research needs. This may have some impact
on granting agencies, so that we can get the work done.
I have been conscious for many years of the influence of methodology on
the development of a subject and I think that the time is really ripe to
develop vertical profilers, either attached or free. Some have been developed,
measuring not only profiles of temperature and other variables, but also
profiles of current speed and direction. It is an extremely difficult problem,
but once that has been solved and reliable data are provided, then just
inspecting those data will teach us a great deal. That would be one plea
which I would make for new instrument development.
The floor is now open to discussion and I would urge youagain to hand in
your papers or any remarks that you make to the editor. They will aid him
considerably in compiling the proceedings. These will probably be published
in the format of the proceedings of the earlier workshop, for limited distribu-
tion to Committee members, to participants and to the International Joint
Commissioners, the U. S. and Canadian federal governments, and others as
appropriate, e.g. State and Provincial Legislature and Agencies. (also to














































































































































There was one recurrent
































































































































































































































































































































































































































































































































   
The uncertainty of the boundary conditions is one problem at the free
surface and especially at the thermocline. A mixed layer experimental project
should also include exploration of the thermocline in some detail and related
basic physical processes.
We can focus our recommendations, perhaps, on this topic and bring many
different interests under the same umbrella to devise some interesting co—
operative experiments.


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
 I once performed an experiment to attempt to buck out of the heat balance/
heat equation, the influence of heat by advected flows and solar insolation,
leaving whatever remained as a residual to be accounted for by some diffusional
mechanism.
You find a minimal coefficient of diffusivity or whatever you
want to call it at the thermocline, but below that the numbers that you are
left with are several orders of magnitude greater. In fact, they are great
enough to account for a significant amount of heat energy transfer, to say
nothing of the indication, perhaps, that there is more happening there than
we will understand.
Artificial reservoirs, in particular, accentuate the need for this kind
of research. Consider in the case of Fontana, for example, a release from
the reservoir in the region of the hypolimnion which varies depending on
power demand and rejects the load almost instantaneously when there is a
significant inertia in the water mass approaching the outlet which, when it
is rejected, simply has to return to the reservoir; thus setting up internal
waves and causing various disturbances which in some cases can even be measured.
That is an area where we might spend some time developing a better understanding
also of the turbulent exchange mechanism.
QUESTION:
Where will the funding of these research ideas come from?
MORTIMER:
Dr. Aubert, as I mentioned earlier, is Chairman of the Committee
that is labouring to define the priorities in research and the research needs
of the IJC's Research Advisory Board.
This really means Great Lakes research;
water quality, hydrodynamics and hydrobiology,
and so on, under
the IJC.
The IJC has no funds, or only limited funds for running workshops of
this kind which I think are very wisely spent or at least were today.
But



























































































































































They are presented to the U. S. and Canadian Governments for the Govern-
ments to carry these out and on the U. S. side presumably this represents all
the funding agencies having anything to do with water quality. It goes
beyond *EPA, I think, although EPA is a primary agency but it includes *ERDA
which has to do with such problems, and I think it does involve some portion 1
of *NOAA. I do not see why it is not of importance to the *NSF. ’
In essence the same applies on the Canadian side. It is a matter of
where Governments put their research money. If we have considered Great
Lakes water quality or even the water quality of the total environment as the
only reason for undertaking environmental research, from their point of view
at least, it is what we think are the most important problems to be worked
on. If we do our jobs properly it should influence the way in which the
research money is spent, but whether it allows more to be brought through the
funding funnels, I really could not say.
 
WATSON: I would like to add to what Dr. Aubert has said in this regard. The
report from the Research Advisory Board on research needs from Dr. Aubert's
Committee will go to the International Joint Commission and they, at their
discretion, will send this to the Governments; as mentioned. The Governments
have in effect, to respond to this within a certain time, usually within 12
months, to show what action was taken on the separate items.
CSANADY: Certainly we could support some sort of joint stratified flow





















































































































































































































































































































    
 
  
AUBERT: That is not true because you have tributary streams in the Great
Lakes, and the tributary streams are frequently loaded relative to the ambient
lake conditions.
PALMER: One of our studies would be that of defining it.
YIH: I think we had better confine our interests to two categories. The
first category is, as has been said, that we have to worry about water quality,
but this problem is not just a scientific problem. It has much to do with
governments, what can or cannot be dumped into the lake, and we as a group do
not have any sayabout that. The only thing that we can do is, for instance,
if you say that within 2 km from the shore you do not want a water temperature
to be 5°C higher than the temperature further out. When such a limitation is
made, then hydrodynamics would have a role to play. So, I think that while
keeping the water quality and distance in mind, we should probably at the same
time also concentrate on some problems of our greatest ignorance.
One of the things that I should like to know is when you have shear flow,
say in a thermocline, everybody assumes that the viscosity remains constant. I
would like to see some measurements of the coefficient. This could be done if
one vertical wall were heated and the other one cooled. Why not measure
across it and see just how large the rates of change of the coefficients are,
so the next time we listen to a talk we willbetter understand just what is
going on? Of course, it would vary fromplace to place, as we know. We can
only guess that, in a thermocline, it is probably larger and probably decreases,
especially when you go down. I think some experiments ought to be done in
this area.
One other topic emerges. The last time I was in Burlington I listened to
40 papers on numerical calculations of very complicated matters, but on asking
how the viscosity would enter the calculations the reply was: "when you have
the mesh larger, the inner viscosity would be correspondingly larger" — somewhat
arbitrary! There is something to that because when you havea larger net mesh
then with much of this random motion you would have the mesh to consider as an
assumption; but it leaves one very uncomfortable, having an equation with
unknown viscosity limitations. We know that those things will not change on
changing the mesh size, so this process of changing the thing and you change
the mesh is something connected with numerical calculations and must be related
to the manner of doing this and to the result expected. The best guess would
be best.
This, too, is an area where a significant contribution could be
made.
Then the other problem which I am merely repeating.
Studying, for instance,
the distance of interaction between currents and waves; currents meaning
flowing currents which are more or less independent of time and the waves.
The most interesting problem of this sort is that, if you have a shear flow,
much of this internal wave could be absorbed in the critical layer as O'Brien
has found.
Also waves in basins of variable depths, which the Great Lakes
have,












With complicated shapes, the answers are unknown and research in that
area of arbitrary shape with currents and waves interacting is an interesting
i
topic to explore.








If we can identify our areas of interest, that is one step of
E
progress. We have been discussing shear flow and the interaction of the density
gradient and velocity gradients are clearly involved here. One type of shear
flow that has hardly been mentioned is the flow of air over water and Dr. Mark
Donelan has remained very silent for most of the day. I remember his interesting
paper given in CCIW last October and I wonder whether he has anything to
contribute to today's discussion? Do you think we aretrying to play Hamlet
without the prince in leaving out one of the major driving forces, the wind
action on the surface?
DONELAN: The primary input to any water body is the wind in the form of
surface stress and it is usually characterized in terms of a drag coefficient
which everyone assumes is a constant. It seems highly unlikely, because you
would expect that something to do with the surface would affect its roughness,
if you like. Field measurements, however, have suggested that this drag
coefficient should be a constant and it is customarily taken as such. I think
the reason is that most of the field measurements are made under conditions of
horizontal homogeneityand steadiness in time, because under any other conditions
the assumptions that you need to make involving any coefficients in terms of
simple Reynolds Numbers averaged like this fall apart. Thus, the field measure—
ments that have been made of the Reynolds stress on the drag have usually been
made in the long fetch steady winds wherethe wave field is fully developed.
This means that the dominant waves in the wave spectrumare quite narrow,
travelling at roughly the wind speed. However, if you do the same thing in a
laboratory where the waves are typically moving much more slowly than the
wind, then you find (as recently as last November, following the conference
yOu referred to) that the drag coefficient obtained is considerably larger and
























will let him speak for himself. He is considerably more informed than I am in
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 CSANADY: In this connection, if we do measure the stress above the water and
if we also manage to measure it in the mixed layer below the interface, that
would be a fairly conclusive experiment in this direction. I think it can be
done now very successfully with the new electromagnetic techniques. Ian Jones
last summer succeeded in doing that in moderately deep water; i.e. at a moderate
distance from the free surface. It is not possible to measure such correla—
tions very close to the free surface, but below 6—7 m the eddy times become
long enough to filter out the wave orbital motions. It would be possible to
tie in an over—water measurement to measurements of stress below the interface
and this certainly wouldbe a tremendous advance in the same vein that Dr.
Mortimer mentioned. Profiling equipment and improvements in methodology would
probably increase our insight considerably.
GREEN: There seems to be another theme that is a relatively important one,
and that is the vertical component of vorticity due to lateral shear. The
lateral shear plays an important part in the dynamics of the uplifted thermo-
cline or an upwelled thermocline. The spatial and temporal variations of the
lateral boundary conditions have never been realistically simulated; conse—
quently, we are not sure of the existence or structures of inertial—internal
waves. We have only the intuitive, maybe visionary, pictures which have been
proposed by Dr. Mortimer and results described by Dr. Hamblin today.
Recently, a student of mine, (Mr. L. Danek), who is working at the Great
Lakes Environmental Research Laboratory, NOAA, Ann Arbor, found some definite
shifts of the inertial wave frequency near the shore. He has taken observa—
tions out in Lake Huron and near the shore and has found a progessive shift of
the inertial wave peak plus or minus deviations from the peak. Recently he
did some calculations from rough shear measurements made with drogues near the
lake shore and found that the vertical component of vorticity was sufficient
to shift the inertial frequency by the observed amount. In other words, in a
zone of intense shear you can no longer consider that pure inertial waves are
not affected by the vertical component of vorticity due to lateral shear.
MORTIMER: You mean horizontal shears?
GREEN: Yes, excluding the earth vorticity, the vertical component of vorticity
is caused by lateral or horizontal shear. That component of the shear is also
an important parameter in the nearshore boundary conditions used for numerical
models. The physics of the inertial wave and internal wave interactionwithin
the boundary layer is very complex.
MORTIMER: That will be a thesis, I hope?
GREEN: Yes.
MORTIMER: Professor Wu, do you want to take up what Dr. Donelan said?
WU: I spoke earlier on wind stress. When we talk about wind Stress we have
to consider the rough surface and those are the wave characteristics at the
surface. So we discuss the wave's age and where it develops.
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 Initially, I thought that was not a subject of interest for this meeting,
but now I think we should discuss it. For a lake, especially when we have
different sized lakes, the wind stress will be different. It also depends on
fetch. I would like to ask Professor Green a question, because he mentioned
his model of the separation of the wind stress from the fetch. I would like
to know what kind of calculations you used to correlate the wind stress with
fetch.
GREEN: It is not so much the stress but the effects on the momentum transfer.
We know that the wave becomes larger downwind. Consequently, the wave mixing
increases with fetch. We can use a wave prediction model, something like a
Bretschneider model. We assume the wave height, or the significant height,
increases downwind. This means that the breaking wave which accompanied the
growing wave field will have a characteristic mixing depth that correlates
with the height.
































































































































































































































































































































































































































































































































































































































































































































































































If you were a committee advising a funding agency with funds designed to
understand the hydrodynamics of the Great Lakes, how much of your money would
you invest in laboratory experiments? How much would you put into mathematical
modelling and how much would go into field operations?
YIH: It is rather easy for me to reply because I can say this irresponsibly.
I will let Professor Wu say the rest of it. I do not really know. One thing
we can say is that mathematical studies and laboratories studies are, in fact,
much cheaper than going out to measure things, so for that reason the actual
observation probablywould, of necessity, cost more.
I want only to make a plea that the other two be not completely neglected.
WU: With one dollar to spend I would like to see at least 50 cents spent on
the laboratory and mathematical studies.
MORTIMER: But do you feel that the scale of the laboratory experiment should
be greater to simulate better field conditions?
WU: I am prejudiced. I feel that we can be sure of anything we do in the
laboratory, or at least of that particular conclusion we reach. It is more
controlled and, therefore, anything we observe would appear more reliable. I
would like to have more of that so that when wedo field work we will have
some tools to work with. I would say 25 cents for the laboratories and 25
cents for analytical (i.e. numerical studies) and 50 cents probably of necessity
must go into the fieldwork.
MORTIMER: Dr. Kao, do you have a comment on that?
KAO: My observation would be that for field experiments to be meaningful one
must have some preliminary thinking in terms of an analytical model of some
type. Field experiments are extremely important, but some conceptual ideas in
terms of an analytical model are necessary before such an undertaking.
MORTIMER: It should not just be the random collection of data?
KAO: No.
MORTIMER: I think that is a cue for Dr. Palmer who has been working very
close to the shore in the Great Lakes. It has been pointed out earlier that
water quality changes obviously take place near the shore, at interfaces
between harbours, rivers and lakes and so on.
I suspect that the real world is almost too complicated to handle in many
situations. But some of the results that Dr. Palmer has been getting in
Burlington Harbour and some of the channels between Burlington Harbour and




Maybe we could just quickly look at a couple of overhead transparencies.
I think it would address that water quality program which you say we should
ignore.
WU: Did I say that?
PALMER: Not really.
MORTIMER:
I think what you said was that there were social and institutional
aspects of the water quality problem.
COMMENT:
I think the social aspects should have some basis in scientific
knowledge and too often they have been decided independently.
MORTIMER: Agreed.
PALMER:
I feel a little guilty.
I have not really done any fluid mechanics,
F
for about 10 years, when I was doing experiments in wind tunnels on asymmetric
flows.
I think you require laboratory and field observers.
Field studies
definitely have not been designed. This is one of the problems, but we are
also lacking the theory to design them.
I would like to quickly show you a couple of situations, first of all the
time scale that we are interested in for some of the water quality information
and some of the problems we have in just working in a physical environment
without connecting it to the chemical environment. It is really chemical—
physical relationships. I should like to show you some interesting things you
might find entertaining and identify one of the basic problems we were trying
to resolve and that is exchange; mass exchange processes between the nearshore
waters and the offshore, or between what is discharged and what can be assimi-
lated.
 
Some Measured Observations of water Chemistry
Variation Related to Stratification in Coastal Regions
32/
Merv D. Palmer
Stratification in the coastal regions is particularly important in water
quality management in both the interpretation of water quality measurements
and analysis of these data. The need for a better understanding of the process
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FIG. I4 RECORDING CHEMISTRY METERS IN SHIP’S CANAL AUGUST l6, |973
 
_Figure 2 shows a well defined three layer system in the canal and Figure 3
shows a typical change in stratification structure in 6 hours. Note that '
conductivity at a location can vary by 30% in 6 hours.
Figure 10 shows temporal variation of water chemistry at a fixed point
while Figure 14 shows the difference of temporal water quality characteristics
in two different layers. These conditions are not unique to the Burlington
Ship Canal. Figure 2 of Section A of the Hamilton Harbour Study 1974, shows
the recording water chemistry meter result offshore in Hamilton Harbour in the
hypolimnion. The similar short period variation of large magnitude is apparent
in this record.
 
Similar variations have been observed at Toronto and Thunder Bay. A
sample of the Thunder Bay variation appears in Figure 2 from the Journal of
Great Lakes Research 1(1); 130—140, 1975. Here the epilimnetic and hypolimnetic
time characteristics are quite different for conductivity.
* 7': 9: 7k 7': * >‘c
MORTIMER: It might be appropriate now to ask Dr. Orlob if he would like to
contribute because he is attempting the difficult task of welding hydrodynamic
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 for example, the sensitivity of certain boundary conditions that impose on the
model as a means to assess the direction in which you might move in response
to the environment if you impose a different alternative strategy. That is
the mode in which they should probably be used, at least at the present time;
being careful about drawing absolute conclusions, but I think you can get some
guided judgments from such models. Some people now appreciate that they do
have these limitations, but nevertheless models are helpful.
MORTIMER: The fact is that in lake eco—system models, the environmental
manager wants to know the effects of a large perturbation. Limnologists know
that the effect is to sweep the stage clear and have a completely new set of
actors enter. This illustrates a type of succession so that one model of the
previous state is no good in the perturbed state, as so often happens.
ORLOB: That is true when you go from very drastic pollution situations to
very clean water situations.
MORTLMER: Yes, Dr. Harleman?
HARLEMﬂN: The type of variability that he is looking at is quite characteristic
of all water qualityobservations. We have been working on these hydrodynamic
water quality problems for highly time—dependent flows. It is not at all
surprising to see that because there is obviously inflow and outflow from that
harbour.
I would also like to return to the basic question stated by Dr. Csanady,
which is one of the themes of many of the papers. To a certain extent, we can
gain a lot of information from looking at small lakes where we have fewer
spatial problems, but I am not sure how we are going to determine, specifically,
wind effects on small lakes as Dr. Stefan has and average out thesmall scale
tilting of thermoclines by averagingvarious situations. How do we separate
that vertical energy transport which we ascribe to wind from the large scale
tilting effect in large lakes and the shoreline boundary problems?
If you carry it one step further and use the laboratory, you can be pretty
sure of what you do know. At least you know that it is molecular and probably
not turbulent and you can measure inputs and evaporation quite accurately. It
is probably in this area where you have the significant time for the development
of mathematical models, and tying down certain aspects of those that can be
verified under controlled laboratory scale experiments. That in itself is
worthwhile, because then you can take those models into the larger scale
system, look for specific features and not be trying to look for everything;
which is one of the problems in many cases, as I showed. You can ascribe
certain things to extinction coefficients or diffusivities, depending on how
you want to play the game, but if we tie down independently measured extinctions
by light transmittal, then at least we should be able to put that aside and get
on to the more difficult problems which are features of the large lakes that
we cannot see in the laboratories or in the small lakes.
184
 
 So, I think laboratories and small lakes are maybe part of the same
learning process.
MORTIMER: Do not forget the oceans, either. Are there any more contributions
to the discussion?
HAMBLIN: I would not want to leave the discussion with the impression that we
should put our emphasis in models and laboratory work at the present time.
Science progresses by constant interplay between theory and observation. Dr.
Csanady has pointed out that there is a proliferation of various theories
based on probably incorrect premises already in existence. It seems to me at
this particular point in time that we are at an impasse where we do not have
sufficient field observations in large stratified lakes to critically test our
theories. The question in my mind is how do we make these field observations,
not that they should be made.
I think that the opinion of the participants is unanimous that we need
profiling information in lakes. I would like to draw the question to the
attention of the Committee members and others of just how this could be
accomplished. We have explored this in our own laboratory, in our own institute






























































































































































































































































































































































































































































































































































































































































































































































































































































Derived From the Main Discussion
By A. E. P. Watson
METHODOLOGY
Conclusion. That it is opportune to significantly improve the methodology
of vertical profilers in limnology. Also, single point instrument plat—
forms in the Great Lakes provide valuable information when the profiler is
positioned below the depth of vertical fluctuations i.e. about 15 km
offshore and in water of at least 40 m depth.
Recommendation. That improved instrumental methodology be developed,

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































mates wind speed. Laboratory experiments, however, yield drag coefficients
which vary with the ratio of wind to wave speeds; hence, complicating
ready prediction of surface and subsurface wave speeds.
2. Knowledge of the interactions of time—independent flowing currents
with superimposed surface or internal waves is important in variable
depth basins, such as the Great Lakes. Hydrodynamical calculations can
presently only describe fairly simple situations.
Recommendations. 1. That laboratory and field studies be continued on
wind/wave velocity correlations, preferably combining stress and other
measurements in the mixed layer below the interface — i.e. lower than 6-7
m depth.
2. That research be initiated into the behaviour of both surface and


















— A substantial proportion of research effort should be devoted to
the design and execution of informed field studies of a fundamental
nature, especially including vertical profile sampling techniques.
Methods must be developed to guide lake simulation modelling.
SOME RESEARCH NEEDS IDENTIFIED BV CONTRIBUTORS
Research Need(s)
a) Relatively uniform measurements are required to provide
energy input data to derive thermal structure and so
verify model predictions for large lake thermoclines.
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1. As used herein, "research" includes development, demonstration and
research activities, but does not include regular monitoring and surveillance
of water quality.
2. The functions and responsibilities of the Research Advisory Board
relating to research activities in Canada and the United States concerning
the quality of the waters of the Great Lakes System shall be as follows:
(a) To review at regular intervals these research activities in order to:
(i) examine the adequacy and reliability of research results,
their dissemination, and the effectiveness of their application;
(ii) identify deficiencies in their scope, and inadequacies
in their funding and in completing schedules;
(iii) identify additional research projects that should be undertaken;
(iv) identify specific research programs for which international
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This committee recognizes two main duties:
— to respond to specific questions referred to it by the Research
Advisory Board and
— to review the present status of knowledge and technique and to
recommend particular lines of study, where these promise to
increase knowledge essential for the understanding or management
of the Great Lakes as an international water resource.
These studies will be principally concerned with measurement, modelling,
prediction or control of "pollution" dispersal and transport from defined and
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